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Abstract 

We  report  a  comparative  study  on  the  performance  of  three  optically  pumped,  type-II 
quantum  well  lasers  with  differing  quantum  well  confinement.  One  of  the  active  regions 
emphasized  hole  confinement,  another  emphasized  electron  confinement,  while  the  third 
incorporated  both  electron  and  hole  confinement  In  all  cases  the  wells  were  inserted  in 
a  thick  HhxGai.xAsySbi.y  waveguide/absorber  region..  The  lasing  wavelengths  at  84  K. 
were  3.44  urn,  2.26  um  and  2.37  um,  respectively.  The  maximum  peak  output  powers 
and  differential  quantum  efficiencies,  rj,  at  84  K  were  similar  for  the  hole  well  and  W 
lasers  (~  13  W,  T)  ~  0.55),  but  significantly  reduced  in  the  electron  well  only  laser  (2.3  W, 
t\  =  0. 14).  Waveguide  loss  measurements  via  the  traditional  quantum  efficiency  vs. 
cavity  length  method  and  by  a  Hakki-Paoli  method  revealed  that  all  three  lasers  had  low 
waveguide  loss  that  either  increased  slowly  or  not  at  all  with  increasing  temperature. 
However,  the  laser’s  internal  efficiency,  tji,  showed  a  linear  decline  with  increasing 
temperature,  with  the  Tfc  of  the  electron  well  only  laser  significantly  less  than  the  other 
two.  The  data  suggests  that  for  antimonide  based  type-II  designs,  strong  hole  confinement 
is  essential  to  improved  performance.  The  data  further  suggest  that  it  is  hole  leakage  from 
the  QW  and/or  hole  dilution  that  is  largely  responsible  for  the  degradation  in  laser 
performance, 
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We  report  a  comparative  study  on  the  performance  of  three  optically  pumped,  type-II  quantum  well 
lasers  with  differing  quantum  well  (QW)  confinement.  One  of  the  active  regions  emphasized  hole 
confinement,  another  emphasized  electron  confinement,  while  the  third  incorporated  both  electron 
and  hole  confinements.  In  all  cases  the  wells  were  inserted  in  a  thick  InvGa1_.vAsvSb1_J,  waveguide/ 
absorber  region.  The  lasing  wavelengths  at  84  K  were  2.26,  3.44,  and  2.37  p m,  respectively.  The 
maximum  peak  output  powers  and  differential  quantum  efficiencies  y  at  84  K  were  similar  for  the 
hole  well  and  W  lasers  (=13  W,  77= 0.55),  but  significantly  reduced  in  the  electron-well-only  laser 
(2.3  W,  77=0.14).  Waveguide  loss  measurements  via  the  traditional  quantum  efficiency  versus 
cavity  length  method  and  by  a  Hakki-Paoli  method  revealed  that  all  three  lasers  had  low  waveguide 
loss  that  either  increased  slowly  or  not  at  all  with  increasing  temperature.  However,  the  laser’s 
internal  efficiency,  77,-,  showed  a  linear  decline  with  increasing  temperature,  with  the  77,'  of  the 
electron- well -only  laser  significantly  less  than  the  other  two.  The  data  suggest  that  for 
antimonide-based  type-II  designs,  strong  hole  confinement  is  essential  for  improved  performance. 

The  data  further  suggest  that  it  is  hole  leakage  from  the  QW  and/or  hole  dilution  that  is  largely 
responsible  for  the  degradation  in  laser  performance.  ©  2005  American  Institute  of  Physics. 
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INTRODUCTION 

Several  transmission  windows  exist  in  the  2-10  pm  re¬ 
gion  of  the  atmosphere,  including  relatively  transparent  re¬ 
gions  near  2.0,  3.7,  4.2,  and  9.0  pm.  The  development  of 
mid-infrared  (mid-IR)  laser  sources  operating  in  these  re¬ 
gions  is  useful  in  a  number  of  applications,  including  infra¬ 
red  countermeasures  and  free  space  optical  communication. 
In  addition,  the  2- 10  pan  region  is  part  of  the  fingerprint 
region  for  molecular  absorbance;  for  example,  an  important 
greenhouse  gas,  methane,  shows  a  strong  absorbance  feature 
near  3.4  pm  and  is  attributable  to  the  C-H  stretching  vibra¬ 
tion.  Mid-IR  laser  applications  geared  toward  chemical  de¬ 
tection  include  industrial  emissions  monitoring,  remote  sens¬ 
ing,  and  medical  diagnostics.  For  several  of  these 
applications,  the  laser  requirements  typically  include  high 
average  power  emission  with  good  beam  quality;  this  is  es¬ 
pecially  true  if  the  beam  must  be  propagated  several  kilome¬ 
ters  in  distance. 

Optically  pumped  semiconductor  lasers  (OPSELs)  based 
on  InAs/InGaSb/InAs,  type-II  quantum  wells  have  demon¬ 
strated  significant  wavelength  flexibility;  by  careful  adjust¬ 
ment  of  the  InAs  layer  thickness,  the  emission  can  be  selec¬ 
tively  and  repeatedly  tuned  to  any  desired  wavelength  in  the 
2-10-/rm  region.1"3  Over  the  past  several  years,  a  number  of 
epitaxial  design  innovations  to  these  type-H  lasers  have  con- 
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tributed  to  significant  improvements  in  both  beam  quality 
and  output  power.  These  innovations  include  the  addition  of 
integrated  absorber  layers,  in  which  the  type-H  wells  are 
placed  in  a  thick  InGaAsSb  waveguide  engineered  to  effi¬ 
ciently  absorb  the  pump  radiation  and  create  carriers.4,5  An¬ 
other  important  innovation  was  the  formation  of  Al-free,  di¬ 
lute  waveguide  lasers,  in  which  the  optical  confinement 
factor  T  is  reduced.6  Reduction  in  the  confinement  of  the 
optical  mode  leads  to  a  reduction  in  laser  filamentation 
thereby  improving  the  lateral  divergence  properties.7  Finally, 
the  incorporation  of  increased  compressive  strain  in  the  hole- 
bearing  InAGaL__vSb  layer  by  increasing  the  In  mole  fraction  x 
has  been  demonstrated  to  be  beneficial.  The  increased  strain 
splits  the  degeneracy  of  the  light  and  heavy  hole  band  at  the 
valence-band  maximum  and  also  improves  hole  confinement. 

Devices  with  0.25  a-  =s0.45  have  shown  improved  thermal 

8 

properties,  i.e.,  larger  T0  and  7]  values. 

Despite  the  improvements  observed  in  quantum  effi¬ 
ciency,  output  power,  and  divergence,  operation  at  higher 
temperatures  remains  problematical.  The  temperature  sensi¬ 
tivity  of  the  laser  threshold  T0  and  the  temperature  sensitivity 
of  the  laser  slope  efficiency  7]  are  sound  indicators  of  ther¬ 
mal  robustness  with  higher  values  being  more  desirable. 
Typical  T0  and  7)  values  for  these  lasers  are  —45  and 
—60  K,  respectively.  In  comparison,  near-IR-emitting  In- 
GaAs  diodes  have  much  higher  7g  and  7]  values  of  >200 
and  >500  K,  respectively.9  Several  recent  studies  on 
antimonide-based  mid-IR  lasers  have  begun  to  shed  light  on 
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the  causes  of  the  temperature  degradation  observed  in  these 
lasers.  A  recent  study  in  this  laboratory  has  suggested  that 
these  dilute  waveguide,  type-II  W  lasers  have  very  low 
waveguide  loss  that  does  not  increase  significantly  as  the 
temperature  is  raised.10  However,  a  rapid  decrease  in  the  la¬ 
ser  internal  efficiency  r\\  was  observed  as  the  temperature 
was  increased.  In  an  experiment  in  which  the  pump  power 
was  fixed,  a  rapid  linear  falloff  in  the  peak  gain  was  observed 
as  the  temperature  was  increased  from  100  to  130  K.  Gain 
calculations  based  on  a  superlattice  empirical  pseudopoten¬ 
tial  method  (SEPM)  were  able  to  accurately  predict  the  gain 
falloff  by  assuming  a  modest  reduction  in  the  carrier 
density.10  However,  more  interestingly,  the  SEPM,  for  a  case 
in  which  the  inversion  was  fixed,  revealed  an  inherent  de¬ 
crease  in  the  gain  with  increasing  temperature.  We  attributed 
this  type  of  gain  reduction  to  the  large  differences  between 
the  valence  and  conduction  subband  curvatures  that  naturally 
exist  in  these  W  lasers.  This  fixed  inversion  gain  reduction  is 
independent  of  nonradiative  recombination  mechanisms, 
such  as  Auger  and  Shockley-Reed. 

In  a  related  study  on  a  3-/xm  electrically  injected  W 
quantum  well  laser  the  performance  degradation  with  tem¬ 
perature  was,  again,  not  attributable  to  a  runaway  waveguide 
loss;  the  waveguide  loss  was  shown  to  be  nearly  independent 
of  temperature  in  the  range  from  80  to  160  K.  The  study  also 
looked  at  the  spontaneous  emission  intensity  as  a  function  of 
increasing  current  density  at  the  two  temperatures.  At  the 
higher  temperature  a  region  was  observed  where  the  sponta¬ 
neous  emission  intensity  showed  a  2/3  power  dependence  on 
current  density.  Such  a  dependence  suggests  that  the  main 
contribution  to  the  temperature  dependence  of  tire  threshold 
current  was  Auger  recombination.11  Also,  in  a  recent  com¬ 
parative  study  of  the  temperature  sensitivity  of  mid-IR  type-I 
and  type-II  lasers  it  was  shown  that  the  temperature  decay,  of 
the  photolunrinescence  is  generally  stronger  in  structures 

with  low  hole  confinement  and  greater  in  type-II  than  in 
12 

type-I  heterostructures. 

To  provide  more  insight  into  the  thermally  induced  deg¬ 
radation  mechanisms  in  type-II  lasers,  we  have  investigated 
the  performance  of  three  fundamental,  antimonide-based  ac¬ 
tive  regions.  The  active  regions  included  either  an  InAs  elec¬ 
tron  well,  an  InGaSb  hole  well,  or  an  InAs/InGaSb/InAs  W 
well  in  which  the  InAs  layers  were  held  to  a  single  mono- 
layer  thickness.  In  all  cases,  the  quantum  wells  are  periodi¬ 
cally  inserted  between  thick  InA.Gaj_vAsvSb|_v  waveguides. 
Waveguide  loss  measurements  conducted  by  a  Hakki-Paoli 
measurement  and  by  standard-length  study  measurements  in¬ 
dicate  either  no  increase  in  waveguide  loss  or  a  modest  in¬ 
crease  in  waveguide  loss  as  temperature  is  raised.  These 
measurements  are  in  agreement  with  the  results  presented  in 
Ref.  11.  Thus,  the  decreasing  external  quantum  efficiency 
that  is  observed  in  these  lasers  is  largely  the  result  of  a  de¬ 
cline  in  the  laser’s  internal  efficiency  as  the  temperature  is 
raised.  Further,  for  the  laser  structure  in  which  only  the  elec¬ 
trons  are  quantum  confined,  the  internal  efficiency  is  further 
degraded;  even  at  cryogenic  temperatures  the  internal  effi¬ 
ciency  is  less  than  40%.  In  contrast,  the  device  in  which  only 
the  holes  are  quantum  confined  has  a  much  larger  internal 


efficiency  of  90%.  These  results  suggest  that  strong  hole  con¬ 
finement  is  a  key  to  producing  more  thermally  tolerant  de¬ 
vices. 

EXPERIMENT 

Lasers  were  epitaxially  grown  in  our  laboratory  by  using 
a  commercial  solid-source  molecular-beam  epitaxy  (MBE) 
system,  configured  specifically  for  antimonide  alloy  deposi¬ 
tion.  Heterostructures  were  deposited  on  two-inch-diameter 
(OOl)-oriented  GaSbiTe  substrates.  Three  laser  designs  were 
fabricated.  The  designs  incorporate  either  6  or  14  type-H 
quantum  wells  which  are  placed  between  1 000-A-thick  qua¬ 
ternary  layers  composed  of  InGaAsSb  ( — 20%  In).  These 
thick  layers  serve  as  both  waveguide  and  highly  effective 
pump  absorbance  layers.  For  example,  in  the  6-  and  14- 
quantum-well  designs  with  thicknesses  of  7126  and 
15,336  A  the  absorbances  at  the  pump  wavelength  are 
—0.48  and  —0.76,  respectively. 

The  following  type-II  quantum  wells  were  periodically 
inserted  between  the  thick  InGaAsSb  quaternary  layers:  (a) 
an  —  1 8-A-thick  Ina35Gac,65Sb  hole-bearing  layer;  (b)  an 
— 24-A-thick  InAs  electron-bearing  layer;  and  (c)  an  —24- 
A-thick  Ina35Ga0i65Sb  hole-bearing  layer  sandwiched  by  two 
ultrathin,  — 3-A  InAs-coupled  electron  wells.  Hence,  lasers 
(a)-(c)  nominally  comprise  a  quaternary-ternary  (QT)  laser 
with  no  deliberate  electron  confinement,  a  quaternary-binary 
(QB)  laser  with  no  deliberate  hole  confinement,  and  a  short 
wavelength  W  laser  with  both  electron  and  hole  confine¬ 
ments,  respectively.  The  QB  laser  differs  from  the  other  two 
in  that  it  has  only  6  quantum  wells,  not  14,  and  instead  of 
GaSb  cladding  layers,  incorporates  an  aluminum-bearing  op¬ 
tical  clad  with  an  approximate  composition  of 
Alo.9Ga0.1Aso.o9Sb0.91.  The  QB  laser  is  more  fully  described 
in  Ref.  13.  The  optical  clad  in  the  QT  and  W  lasers  is  GaSb, 
which  has  a  much  smaller  index  step  relative  to  the  quater¬ 
nary  waveguide  and  provides  for  a  reduced  optical  confine¬ 
ment.  These  “dilute  waveguides”  have  a  number  of  benefits 
including  a  lower  tendency  to  self-focus  or  form  filaments; 
consequently  low  confinement  structures  show  improved  lat¬ 
eral  beam  quality  as  well  as  other  benefits.6,7 

The  laser  devices’  optical  and  thermal  characterization 
was  carried  out  by  placing  small  wafer  sections  into  a  vari¬ 
able  temperature  cryostat  and  optically  exciting  the  sample 
with  a  high-power  1.93-jum  laser  diode  array  (LDA)  that  has 
been  described  previously.1,8  In  brief,  wafer  sections  were 
lapped  and  polished  to  —  150-yum  thickness  and  pieces  were 
cleaved  to  form  either,  1.0,  1.5,  2.0,  or  2.5-mm-long  cavities. 
The  samples  were  In  soldered,  epi-side  up,  to  a  final  gold- 
plated  copper  heat  sink  and  placed  in  a  LN2  dewar.  A  high- 
power  LDA  was  used  as  the  optical  excitation  source  and 
illuminated  a  250-/rm-wide  stripe  [full  width  at  half  maxi¬ 
mum  (FWHM)]  traversing  the  laser  bar.  All  measurements 
employed  a  32-yu.s  pump  pulse  duration  at  a  1%  duty  cycle. 
Output  power  measurements  were  performed  by  collecting 
the  emission  from  one  facet  using  a  gold-coated  ellipsoidal 
mirror  and  focusing  it  onto  a  thermal  detector. 

Initial  spectral  measurements  were  made  by  focusing  the 
laser  output  onto  the  entrance  slit  of  a  0.25-m  monochro- 
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mator.  A  long-pass-filter  was  placed  at  the  entrance  slit  to 
remove  any  residual  pump  radiation  and  any  photolumines¬ 
cence  originating  in  the  substrate.  A  150-groove/mm  grating 
was  used  to  disperse  the  near-ER.  radiation  which  was  de¬ 
tected  with  a  LN2-cooled  InSb  photodiode.  The  signal  was 
amplified  and  passed  to  a  gated  integrator/boxcar  averager 
for  final  signal  processing. 

Measurements  of  waveguide  loss  using  a  Haklci-Paoli 
below  the  band-gap  measurement  technique  utilized  a  Nico- 
let  Magna  760  Fourier  transform  infrared  (FTIR)  spectrom¬ 
eter  as  previously  described.10  In  brief,  the  waveguide  loss 
may  be  estimated  from  the  gain  values  calculated  from  the 
low-energy  side  of  the  spectrum,  where  the  small  signal  gain 
g  approaches  zero.  In  this  circumstance,  g~0,  and  the  sim¬ 
plified  expression  for  the  single-pass  power  gain,  G=exp(g 
-a)L«exp(-«L),  gives  the  waveguide  loss  a.  for  a  cavity 
length  L  as  a~-ln(G)/L.  The  gain  G  was  determined  by  a 
full-curve  fit  of  the  spectral  data  to  the  following  function, 
which  gives  the  spectral  output  ( S )  of  a  Fabry-Perot  cavity 
modified  to  include  the  effects  of  any  incoherent  back¬ 
ground: 

S  — - — - |-  77.  (1  ) 

[1  +  (RG)2  -  2RG  cos  5] 

Here,  R  represents  the  modal  facet  power  reflectivity,  S 
=4777TL/X,  where  n  is  the  modal  index,  L  is  the  device 
length,  X  is  the  device  wavelength,  C  is  an  amplitude-scaling 
factor,  and  77  accounts  for  any  incoherent  background  emis¬ 
sion.  This  derivation  assumes  a  single  lateral  and  transverse 
mode  propagating  between  the  facets,  with  RG=  1  corre¬ 
sponding  to  the  laser  threshold.  The  parameters  C,  RG,  S, 
and  7]  are  adjusted  until  Eq.  (1)  agrees  with  the  measured 
data. 

The  full-curve  fit  procedure  is  preferable  to  the  gain  de¬ 
termination  via  the  peak  to  valley  method  in  cases  where 
good  lateral  mode  filtering  cannot  be  employed  and  an  ap¬ 
preciable  incoherent  background  is  present.  In  such  instances 
Eq.  (1)  still  yields  accurate  G  values  whereas  the  peak  to 
valley  method  will  be  compromised  with  the  error  increasing 
with  increasing  background.10 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  SEPM  calculated  probability  density 
of  both  electrons  and  holes  in  the  (001)  growth  direction  as  a 
function  of  position  in  one  period  of  the  structure  for  all 
three  lasers.  These  probability  densities  are  calculated  for 
flatband  conditions.  The  SEPM  method  of  calculating  band 
structure  and  c airier  wave  functions  in  coherently  strained 
periodic  structures  is  described  in  detail  elsewhere.  ’  The 
calculations  reveal  that  in  the  QT  laser,  the  holes  are  quan¬ 
tum  confined  in  the  ternary  InGaSb  layer,  and  the  electrons 
are  nominally  unconfined  in  the  thick  quaternary  layer.  In 
contrast,  the  QB  laser  represents  the  reverse  carrier  confine¬ 
ment  situation.  In  this  case,  the  electrons  are  quantum  con¬ 
fined  in  the  InAs  and  the  holes  are  nominally  unconfined;  the 
holes  are  found  in  the  bulklike  quaternary  layer  in  which  the 
valence  states  are  very  closely  spaced.  In  the  QT  and  QB 
structures,  the  electron  and  hole  wave  functions,  respectively, 


FIG.  1 .  Top  panel:  Calculated  electron  and  hole  densities  for  the  quaternary- 
ternary  (QT)  laser,  the  quaternary -binary  (QB)  laser,  and  the  W  laser. 

are  concentrated  at  the  center  of  the  quaternary  layer  away 
from  the  heterointerface.  Finally,  in  the  W  laser,  with  very 
thin  InAs  layers  surrounding  the  InGaSb  layer,  both  electrons 
and  holes  are  quantum  confined  largely  in  the  ternary  layer. 
The  electrons  in  the  ultrathin  InAs  layers  form  a  highly 
coupled  well  such  that  the  electron  wave  function  is  spread 
over  the  hole-bearing  ternary  layer.  In  essence,  the  lowest- 
energy  conduction-band-to-valence-band  transition  in  this  la¬ 
ser  is  effectively  type  I. 

In  the  QB  and  QT  lasers  when  the  carrier  density  Ns  is 
increased,  Coulombic  attraction  or  band  bending  pulls  the 
carrier  distribution  in  the  quaternary  layer  toward  the  hetero¬ 
interface.  For  example,  in  the  QB  laser,  as  Ns  is  increased 
from  0  to  5  X  1010  cm"2,  an  — 20-meV  voltage  dip  is  induced 
at  the  quaternary-binary  interface  and  forms  a  shallow  well 
for  the  electrons.  Furthermore,  the  radiative  matrix  element 
increases  significantly  from  3872  eV  A  to  15,603  eV  A,  re¬ 
spectively.  The  band-bending  results  in  a  small  calculated 
blue  shift  of  the  emission  wavelength  from  3.69  to  3.52  gm. 
The  blueshift  has  been  observed  in  an  experiment  in  which 
the  photoluminesence  spectrum  was  monitored  as  a  function 
of  pumping.13 

The  SEPM-calculated  wavelengths,  not  including  the  ef¬ 
fects  of  band  bending,  for  the  lowest-energy  conduction- 
band-to-valence-band  transition  in  the  QT,  QB,  and  W  are 
2.20,  3.69,  and  2.23  /xm,  respectively.  These  values  are  in 
good  agreement  with  the  measured  wavelength  values  of 
2.26,  3.44,  and  2.38  /an.  Figure  2  shows  the  spectra  col¬ 
lected  at  84  K  at  an  absorbed  pump  power  of  —13  W.  These 
spectra  are  multimode,  with  a  1/e2  full  width  of  —5.3  meV. 
Figure  3  shows  the  power-power  curves  collected  for  2.5- 
mm-long  devices.  Similar,  double-ended  peak  output  power 
curves  were  obtained  on  the  QT  and  the  W  lasers.  The  maxi- 


043108-4  Ongstad  ei  at. 


J.  Appl.  Phys.  98,  043108  (2005) 


Wavelength  (pm) 


Temperature  (K) 


FIG.  2.  Lasing  spectra  for  the  three  laser  sources. 

mum  power  extracted  from  these  lasers  was  near  13  W  and 
was  limited  by  the  availability  of  pump  power.  Both  lasers 
also  show  a  very  low  threshold  fluence  of  <50  W  cm  “  and 
relatively  high  differential  quantum  efficiencies  77  of  >50%. 
In  order  to  determine  the  T0  and  T\  values,  the  power-power 
curves  were  collected  as  a  function  of  increasing  temperature 
from  90  to  —230  K.  T0  values  of  54  and  40  K,  and  val¬ 
ues  of  137  and  112  K  were  obtained  for  the  QT  and  W 
lasers,  respectively.  Figure  4(a)  plots  the  differential  quan¬ 
tum  efficiency  as  a  function  of  temperature.  The  performance 
of  the  QT  and  W  lasers  is  similar.  In  contrast,  the  overall 
perfonnance  of  the  QB  laser  is  markedly  inferior  to  that  of 
the  QT  and  W.  Figure  3  shows  that  much  less  power  is  ob¬ 
tained  from  this  laser,  ~2  W,  and  the  resultant  quantum  ef¬ 
ficiency,  even  at  84  K,  is  only  14%.  Figure  4(a)  compares  the 
QB  performance  with  that  of  the  other  two  lasers.  Its  quan¬ 
tum  efficiency  is  significantly  lower,  and  lasing  terminates 
near  150  K,  where  ??<3%.  At  150  K  the  power  output  from 
the  QT  and  W  is  still  «4.5  W  with  a  77 >40%.  Moreover,  the 
Tq  and  7,  values  for  the  QB  of  24  and  49  K  are  noticeably 
smaller  than  for  the  other  two  lasers.  Table  I  summarizes  the 
characterization  results  for  all  three  lasers. 

Certainly,  the  QT  and  W  lasers  are  much  more  thermally 
robust  than  the  QB.  Furthermore,  the  QT  appeal's  more  ther¬ 
mally  tolerant  than  the  W.  This  is  suiprising,  since  the  W 
laser  structure  confines  both  electrons  and  holes,  but  the  QT 


Pump  Power  (W) 

FIG.  3.  Absorbed  1 ,9-jmi  pump  power  vs  mid-IR  output  power  for  the  three 
laser  sources. 


Temperature  (K) 

FIG.  4.  (a)  Double-ended  quantum  efficiency  vs  temperature  for  the  three 
lasers,  (b)  Laser  internal  efficiency  vs  temperature.  The  results  for  a  3.4  /xm 
W  laser  are  also  shown. 


confines  only  the  holes.  In  order  to  obtain  a  more  complete 
understanding  of  the  mechanisms  limiting  the  thermal  per¬ 
formance  of  these  lasers  we  have  measured  the  waveguide 
loss  a  and  internal  laser  efficiency  97;  as  a  function  of  tem¬ 
perature.  By  cleaving  different  cavity  length  lasers  and  mea¬ 
suring  the  differential  quantum  efficiency  rjd  as  a  function  of 
length,  the  internal  efficiency  and  waveguide  loss  may  be 
determined  using 


where  Rf  and  are  the  front  and  back  mirror  reflectivities. 
Figure  5  plots  the  waveguide  loss  as  a  function  of  heat  sink 
temperature  and  shows  that  all  the  lasers  at  90  K  have  rela¬ 
tively  low  waveguide  loss  values  ranging  from  ~2  to 
»4  cm"1.  For  the  QT  and  W  lasers,  a  moderate  linear  in¬ 
crease  in  the  waveguide  loss  is  observed  as  the  temperature 
is  raised.  The  data  indicate  that  for  a  100-K  increase  in  tem¬ 
perature,  the  waveguide  loss  increases  by  2.3  and  3.6  cm"1 
for  the  QT  and  W  lasers,  respectively.  The  QB  laser  shows 
no  increase  in  waveguide  loss  up  to  130  K;  the  waveguide 
loss  remains  near  ~4  cm"1  over  the  sampled  interval.  Figure 
5  also  shows  the  waveguide  loss  results  determined  via  the 
Hakki-Paoli  method  which  employed  a  full-curve  fit  to  Eq. 
(I)  over  a  spectral  interval  in  the  band  gap;  these  results  are 
in  good  agreement  with  the  results  from  the  quantum  effi¬ 
ciency  versus  length  study. 
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TABLE  I.  InAs /InGaSb/ InAs  type-II  quantum  well  lasers. 


Type 

\ 

(xmi) 

InAs 

thickness 

(ML) 

InGaSb 

thickness 

(ML) 

P 

*  max 

(W)“ 

Spectral 
width" 
(1/e2,  meV) 

_Jiib 

V 

Threshold" 
(W  cm-2) 

n 

(K) 

Tx 

(K) 

0.i.C 

0„c 

QT 

2.26 

0 

8 

13.25 

5.00 

0.53 

40 

54 

137 

24.5 

11.8 

W 

2.37 

1 

8 

13.70 

5.65 

0.59 

40 

40.4 

112 

19.3 

6.8 

QB 

3.44 

8 

0 

2.28 

5.44 

0.14 

16 

24 

49 

"Measured  al  84  K. 
hDouble-ended  quantum  efficiency. 

"Divergence  measured  in  degrees  at  the  FWHM  points.  The  cavity  length  and  width  of  all  lasers  was  0.25  and 
0.025  cm,  respectively. 


The  low  waveguide  loss  values  are  consistent  with  mea¬ 
surements  made  previously  on  an  InAs/InGaSb/InAs  W  la¬ 
ser  emitting  near  3.4  yam. 10  In  that  study,  a  waveguide  loss  of 
2.7  cm"1  was  measured  at  78  K,  with  no  increase  observed 
at  120  K.  These  low  waveguide  losses  suggest  that 
intervalence-band  absorbance  and  free-carrier  absorbance  are 
not  the  primary  or  dominant  mechanisms  driving  down  the 
quantum  efficiency  with  increasing  temperature.  Rather,  it  is 
the  decline  in  internal  efficiency  with  temperature  that  ac¬ 
counts,  largely,  for  the  decreasing  tj  performance.  The  length 
studies  reveal  that  all  three  lasers  show  a  decreasing  internal 
efficiency  with  increasing  temperature,  as  can  be  seen  in  Fig. 
4(b),  which  plots  the  internal  efficiency  versus  temperature. 
From  the  figure,  it  is  apparent  that  the  ^  of  the  QB  laser  is 
severely  reduced  when  compared  to  the  QT  and  W;  at  90  K 
the  7] j  for  the  QB  is  only  0.3,  while  for  the  QT  and  W  lasers 
77f>0.85.  This  decrease  in  77,-  is  not  simply  due  to  the  larger 
quantum  defect  of  the  QB,  since  the  3.4-yam  W  laser  with  a 
near  equivalent  quantum  defect  also  has  77;  >0.83  at  90  K. 

Why  is  the  performance  of  the  QB  so  much  worse  than 
that  of  the  QT?  Figure  6  displays  a  qualitative  band-bending 
diagram  for  the  two  lasers.  In  both  lasers,  Coulomb  attraction 
pulls  carriers  toward  the  interface  resulting  in  the  band  struc- 


FIG.  5.  Waveguide  loss  vs  temperature  for  (a)  the  QT  laser,  (b)  the  W  laser, 
and  (c)  the  QB  laser.  The  circles  are  from  the  Hakki-Paoli  derived  wave¬ 
guide  loss  measurements  and  the  squares  are  from  the  waveguide  loss  de¬ 
termined  using  Eq.  (2). 


ture  shown.  However,  since  the  effective  hole  mass  is  much 
greater  than  the  effective  electron  mass  (my,  >  me)  the 
valence-band  states  are  much  more  densely  packed  near  the 
band  edge  in  the  QB  than  are  the  conduction-band  states  in 
the  QT.  Hence,  in  the  QB,  the  gain  is  diluted  over  a  much 
larger  density  of  states  which  is  manifested  in  the  poor  777. 
This  is  supported  by  the  data  shown  in  Fig.  7.  This  figure 
plots  the  results  of  an  experiment  in  which  the  peak  laser 
gain  was  measured  as  a  function  of  temperature  at  a  fixed 
pumping  power.  The  upper  three  curves  give  the  results  for 
the  QT,  QB,  and  W  for  equivalent  pump  power  per  quantum 
well,  20  mW/well.  The  lowest  curve  gives  die  results  for  a 
14-quantum- well,  dilute  waveguide,  QB  laser  that  had  an 
emission  wavelengdt  near  3  yam.  This  QBdilutc  was  pumped 
at  a  higher  power  of  76  mW/well.  The  dilute  waveguide 
laser  was  grown  to  provide  a  more  directly  comparable  test 
structure  to  the  QT.  The  QBdi)ute  had  die  same  number  of 
QW’s  and  the  same  low  confinement  waveguide  as  the  QT 
and  W. 

From  Fig.  7  it  is  apparent  that  the  QT  displays  the  high¬ 
est  gain  at  a  particular  temperature  and  that  the  QBdulutc  dis¬ 
plays  the  lowest  gain.  In  fact,  the  QBdilute  barely  exceeds 
transparency  at  79  K.  Furthermore,  to  reach  g-1  cm-1  the 
QBdi|Utc  would  need  to  be  cooled  to  =42  K  compared  to 
118  K  for  the  QT.  This  indicates  that  considerable  thermal 
energy  must  be  removed  from  the  QBdilutc  in  order  to  reach 
approximately  half  the  threshold  gain  value.  Not  surpris¬ 
ingly,  we  were  unable  to  get  the  QBdi|Utc  to  lase  even  with 
significantly  higher  pump  excitation.  Thus,  the  more  directly 
comparable  laser  structure,  the  QBdiilltc,  demonstrates,  in 
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FIG.  6.  Qualitative  band-bending  diagrams  for  the  QT  and  QB  lasers. 
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FIG.  7.  Small  signal  gain  vs  temperature  for  the  QT,  QB,  and  W.  Also 
shown  are  the  results  for  a  QB  structure  containing  14  quantum  wells  in  a 
low  confinement  optical  waveguide,  i.e.,  the  QBdilutt.  The  QB<iilule  was  grown 
to  provide  a  more  directly  comparable  test  structure  to  the  QT  and  \V  lasers. 
The  QBdiiu^  had  the  same  number  of  QW’s  and  the  same  low  confinement 
waveguide  as  the  QT  and  W  lasers.  The  dashed  line  gives  the  approximate 
gain  value  required  to  reach  threshold. 

evert  starker  terms,  the  consequence  of  not  confining  the 
holes,  i.e.,  laser  action,  even  at  cryogenic  temperatures,  is  not 
possible  in  a  dilute  waveguide  structure. 

Overall,  the  results  suggest  that  an  effective  hole  quan¬ 
tum  well  is  essential  in  producing  a  larger  rji  and  hence  a 
larger  y.  Without  hole  quantization,  or  where  the  hole  den¬ 
sity  of  states  are  bull-dike,  the  performance  is  significantly 
degraded.  Somewhat  unexpectedly,  the  data  also  suggest  that 
adding  electron  confinement  does  not  enhance  performance, 
since  the  QT  laser  performed  as  well  as,  if  not  better  than, 
the  W  laser.  This  may  be  due  to  a  reduced  hole  transport 
through  the  InAs  layer,  which  effectively  acts  as  a  barrier 
through  which  the  holes  must  tunnel.  Certainly,  hole  trans¬ 
port  issues  are  expected  to  be  exacerbated  in  the  longer- 
wavelength  W  lasers  which  have  a  thicker  InAs  layer. 

The  importance  of  the  hole  quantum  well  to  laser  perfor¬ 
mance  indicates  that  the  yt  degradation  mechanisms  in  W 
lasers  are  largely  traceable  to  loss  mechanisms  and  transport 
mechanisms  associated  with  the  hole  well. One  nonradiative 
loss  mechanism  has  been  suggested  by  subthreshold  gain 
data  measurements  at  fixed  pumping  and  SEPM  modeling  of 
fixed-inversion  peak  gain-versus-temperature  data  for  a  3.4- 
fxm  W  laser.10  The  SEPM  data  are  displayed  in  Fig.  8;  the 
data  shows  an  intrinsic  gain  reduction  independent  of  nonra¬ 
diative  loss  mechanisms,  such  as  Auger  and  Shockley-Reed. 
We  attribute  this  gain  reduction  to  the  large  differences  be¬ 
tween  the  valence  and  conduction  subband  curvatures.  In 
particular,  the  flatter  valence  subbands  allow  the  holes  to 
spread  significantly  in  the  in-plane  phase  space,  so  that  the 
number  of  directly  radiatively  connected  electrons  and  holes 
are  reduced.  This  “hole  dilution”  process  leads  to  an  appre¬ 
ciable  reduction  in  gain  as  the  temperature  is  increased.  Fur¬ 
thermore,  as  the  operational  wavelength  of  the  W  laser  is 
increased  to  7.3  /z-m,  by  increasing  the  InAs  layer  thickness 
to  —10  monolayers  (MLs),  the  SEPM  gain  falloff  is  even 
more  pronounced.  This  is  due  to  increased  hole  dilution  and 
more  than  one  conduction  state  being  populated  as,  for  ex- 


FIG.  8.  SEPM-calculated  small  signal  gain  vs  temperature  for  a  3.4-  and 
7.3-/rm  W  laser.  Measured  differential  quantum  efficiency  vs  temperature 
for  the  3.4-  and  7.3-/zm  W  lasei’s. 

ample,  when  the  electron  well  is  widened  and  the 
conduction-band  states  become  quasi  degenerate.  In  addition, 
reduced  hole  transport  is  likely  as  the  InAs  layer  is  thickened 
and  would  be  expected  to  yield  lower  gain  values  for  the 
longer-wavelength  device.  Indeed,  these  effects  are  reflected 
in  the  y  versus  temperature  plots  for  the  3.4-yU.m  (7) 
=53  K)  and  7.3-/zm  (7]  =31  K)  W  lasers  and  are  indicative 
of  the  general  trend  of  decreasing  7]  values  in  the  W  lasers 
with  increasing  wavelength. 

CONCLUSIONS 

Three  primary  mid-IR  quantum  well  active  regions  have 
been  investigated.  The  active  regions  included  either  an  InAs 
electron  well,  an  InGaSb  hole  well,  or  an  InAs/.InGaSb/InAs 
W  well  in  which  the  InAs  layers  were  held  to  a  single  mono- 
layer  thickness.  In  all  cases,  the  quantum  wells  are  periodi¬ 
cally  inserted  between  thick  In^Ga^As^Sb,^,  layers  that  are 
highly  efficient  with  —  I.9-/zm  pump  absorber  regions. 
Waveguide  loss  measurements  conducted  by  a  Hakki-Paoli 
measurement  and  by  standard  length  study  measurements  in¬ 
dicate  either  a  modest  increase  in  waveguide  loss  or  no  in¬ 
crease  in  waveguide  loss  as  temperature  is  raised.  For  ex¬ 
ample,  for  the  QT,  W,  and  QB  lasers  the  waveguide  loss  was 
observed  to  increase  by  0.023  and  0.036  cm-1  K_1  over  a 
130-K  interval  and  — 0  cm-1  K_1  over  a  50-K  interval.  Con¬ 
sequently,  the  decreasing  external  quantum  efficiency  that  is 
observed  in  these  lasers  is  largely  the  result  of  a  decline  in 
the  lasers  internal  efficiency  as  the  temperature  is  raised.  The 
poor  77, •  and  low  T]  value  of  the  electron-only  quantum  well 
device,  the  QB,  is  due  to  the  gain  dilution  incurred  by  the 
large  density  of  valence-band  states.  In  contrast,  the  much 
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higher  y}  and  7j  values  of  the  hole-only  quantum  well  laser, 
the  QT,  is  due  to  hole  quantum  confinement  and  the  lower 
density  of  bound  conduction-band  states  near  the 
InGaAsSb/InGaSb  heterointerface.  The  reduction  in  injec¬ 
tion  efficiency  of  the  QT  and  W  lasers  with  increasing  tem¬ 
perature  is  partially  the  result  of  hole  dilution,  in  which  the 
momentum  spread  of  the  electrons  in  the  conduction  band 
does  not  match  the  larger  momentum  spread  of  the  holes  in 
the  valence  band.  For  W  lasers  in  general,  the  y  is  decreased 
with  longer-wavelength  operation.  The  data  suggest  that  this 
is  due  to  increased  hole  dilution,  more  than  one  conduction 
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